A key feature of immune evasion for African trypanosomes is the functional specialization of their surface membrane in an invagination known as the flagellar pocket (FP), the cell's sole site of endocytosis and exocytosis. The FP membrane is biochemically distinct yet continuous with those of the cell body and the flagellum. The structural features maintaining this individuality are not known, and we lack a clear understanding of how extracellular components gain access to the FP. Here, we have defined domains and boundaries on these surface membranes and identified their association with internal cytoskeletal features. The FP membrane appears largely homogeneous and uniformly involved in endocytosis. However, when endocytosis is blocked, receptor-mediated and fluid-phase endocytic markers accumulate specifically on membrane associated with four specialized microtubules in the FP region. These microtubules traverse a distinct boundary and associate with a channel that connects the FP lumen to the extracellular space, suggesting that the channel is the major transport route into the FP.
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electron tomography ͉ endocytosis ͉ freeze fracture ͉ Trypanosoma brucei ͉ flagellum P arasitic protozoa, like many cells, organize their surface membranes into subdomains or microenvironments that are specialized to accomplish particular recognition, secretory, and endocytic functions. The surfaces of parasitic organisms, however, have an extra level of constraint; they must perform these vital roles while the organism avoids elimination by defensive responses mounted by the host.
The compartmentalization of surface membrane is especially interesting in African trypanosomes because of their particular parasitic lifestyle. Trypanosoma brucei is a flagellate protozoan that lives in the blood of mammals in an exclusively extracellular form, fully exposed to the host immune system. Survival is assisted both by rapid endocytosis that clears the entire cell surface of bound antibodies within Ϸ7 min (1) and through the expression of a series of immunologically distinct cell surface coats. Each coat is produced from a single GPI-anchored variant surface glycoprotein (VSG; ref.
2). Periodic switching of the expressed VSG gene from a vast silent library enables the parasite to avoid clearance by the host's adaptive immune response, hence prolonging infection and increasing the chances of transmission by the bite of a tsetse fly.
African trypanosomes maintain the VSG coat free of most invariant endocytosis receptors that could otherwise elicit an immune response from which the organism could not escape. This is achieved through specialization of the plasma membrane at the base of the flagellum to create a protected invagination, the flagellar pocket (FP), in which the invariant receptors for endocytosis and innate immune evasion are concentrated (3, 4) . The FP is the sole site for all endocytosis and exocytosis, and along with this critical function, it also plays important roles in protein and lipid sorting and recycling (for review, see ref. 5) .
The FP membrane is continuous with the membranes of both the cell body and the flagellum, but it is functionally and biochemically distinct from each (3). Little is currently known about the factors that maintain this specialization, but it is likely that the cytoskeleton plays a defining role (6) . Cytoskeletal elements that associate with the FP include a set of four specialized microtubules (4MT) that originates near the base of the flagellum (between the basal body and probasal body), runs around the FP, and inserts into a subpellicular array of microtubules at the junction between the FP and plasma membrane (6) . This region is characterized by a narrowing of the FP at its apical end until it is little larger in diameter than the flagellum. Again, the cytoskeleton appears central to this: in particular, an electron-dense structure called the ''collar'' can be seen on the cytoplasmic side of this region, and ablation of a protein that localizes to this structure disrupts FP morphogenesis (7) .
Because of its central importance to pathogenicity, the endocytic activity of T. brucei has long been studied by using well-defined markers for endocytosis and subcellular compartments (1, (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) . These studies have established the speed, timing, and routes of uptake and traffic within the cell (1, 16, 18, 20) , but a number of critical questions remain unanswered. First, given the constriction of the FP at its junction with the cell body membrane, how do molecules in the extracellular milieu gain access to its lumen? Second, is the FP compartmentalized into specialized subdomains to efficiently and simultaneously perform endocytosis, exocytosis, sorting, and recycling? Third, how is the FP membrane organization affected by the underlying cytoskeleton? Fourth, what and where are the boundary elements that define the edges of the continuous surface membrane regions?
In this article, we describe results from the use of fast, isothermal fixation along with electron tomography to create 3D views of unperturbed endocytosis occurring in the FP of bloodstream-form T. brucei. We then used freeze-fracture electron microscopy to search for functional compartmentalization of the FP into domains defined by particular configurations of intramembrane particles or boundary elements. When internalization is blocked, markers for fluid-phase and receptor-mediated endocytosis accumulate on a novel membrane domain that is closely associated with a subset of microtubules and marks a continuous channel linking the outside of the cell to the FP lumen.
tosing cells, given the extremely high rates of endocytosis. However, at Ͻ4°C, markers for endocytosis will enter the FP from the surrounding medium, but endocytosis is blocked (11) . This allows loading of the FP with the concentrations of markers necessary for ultrastructural studies.
We examined the localization of tomato lectin (TL)-binding sites in the FP of cells held at 0°C and then rapidly fixed. TL binds tri-N-acetylglucosamine and specifically labels glycoproteins enriched in both the FP and endosomes of trypanosomes (21, 22) . This labeling revealed a clear bias in the localization toward particular sites (Fig. 1) . Gold particles preferentially accumulated on the membrane directly abutting the set of 4MT that are nucleated at the basal body and run alongside the FP. Analysis of multiple thin sections through many FPs (n Ͼ 110), either deep within the organelle or more distally, consistently demonstrated this to be the case. A similar accumulation was observed for gold-conjugated wheat-germ agglutinin (WGA; a lectin with a sugar specificity similar to that of TL; Fig. 1 ). The same localization was also found for BSA (Fig. S1 ), which is often used as a marker of fluid-phase endocytosis in trypanosomes (12) . Under these conditions, however, BSA also appears to bind preferentially to FP membrane where it associates with the 4MT.
We assessed the preference of gold conjugates for this region by quantifying the frequency with which gold particles are associated with different parts of the FP membrane. The segment of membrane that apposes the 4MT is Ϸ11% of the FP perimeter, as seen in thin-section electron micrographs. If binding were stochastic, only Ϸ1/10 of all bound gold conjugates should be associated with membrane overlying the 4MT. The distribution in a set of representative micrographs revealed that the observed ratio is Ϸ3:1 in favor of 4MT association (n ϭ 52:7, 32:12, and 38:16 for TL, WGA, and BSA, respectively). This bias is extremely unlikely to be caused by chance (P Ͻ 10 Ϫ10 for all conjugates; 2 test). When all of the lengths of membrane associated with the 4MT and the remainder of the FP are considered, there is a Ϸ60-fold higher density of gold conjugates associated with membrane abutting the 4MT than elsewhere in the FP (P ϭ 0.0002, 0.02, and 0.001 for TL, WGA and BSA, respectively; t test; Fig. 1 ).
The accumulation of gold conjugates on membrane that abuts the 4MT was not caused by the gold particles themselves, because 5-nm colloidal gold alone was more homogeneously distributed ( Fig. 1) . We observed no significant difference in the density of particles above the 4MT compared with that elsewhere (P ϭ 0.12; t test; Fig. 1 ). This difference between conjugated and unconjugated was not a consequence of the relatively larger size of the former (the estimated diameter of 5-nm gold particle conjugated to two to three molecules of BSA is Ϸ9 nm, whereas to TL or WGA it is Ϸ10 nm), because identical experiments conducted with 10-, 15-, or 20-nm gold colloids showed the same distribution as did 5 nm alone.
Clathrin-Mediated Endocytosis Is Not Regionalized in the FP. The data above show that when endocytosis is blocked a clear microdomain of the FP membrane is revealed, with endocytic markers accumulating specifically on the membrane overlying the 4MT. The presence of the microtubules might be predicted to prevent vesicle budding/docking in this region of membrane at physiological temperatures. We therefore investigated the sites of endocytosis on the FP by looking for the formation of clathrin-coated pits because clathrin-mediated endocytosis appears to be the only mode of internalization in these parasites (1, 23) .
To analyze cells in which endocytosis was fully active, we rapidly fixed cells at 37°C while they were still in their culture flasks, then subjected them to serial-section, dual-axis electron tomography. We produced 3D reconstructions of a large proportion of the posterior end of bloodstream-form trypanosomes at a resolution of Ϸ5 nm. This volume encompasses the full FP, its associated cytoskeleton, and the surrounding membranous organelles. The quality of the structural preservation, and the resolution of the tomographic slices used in this study, are demonstrated in Fig. 2A . The corresponding 3D reconstruction is shown in Movie S1; segmented models of the FP and its surrounding organelles are shown in Fig. 2B , Movie S2, and Movie S3. The resolution of our tomographic reconstructions is such that the clathrin polygons indicative of endocytosis are readily identifiable (Fig. 3) , and clathrin structures are seen associated with deeply curved pits (Fig.  3A) and as flatter lattices (Fig. 3B) .
We extended our electron tomographic analysis by reconstructing posterior ends from 15 trypanosomes at different stages of the cell cycle, which allowed us to examine endocytosis during the time when the FP duplicates. Temporal classification of individual cells to particular points in the cell cycle is relatively easy in trypanosomes because of the consistent appearance of identifiable morphological changes at specific times (24) . Clathrin structures could be seen throughout the cell cycle; they were equally prominent on FPs of trypanosomes in G 1 ( Fig. 3C) , nuclear S phase (Fig. 3D) , and late mitosis (Fig. 3E) , suggesting that endocytosis continues throughout the cell cycle. Moreover, clathrin assemblies were seen on newly formed FPs very soon after their separation from the preexisting FP (Fig. 3D) , indicating that endocytosis initiates swiftly on the nascent FP.
To analyze the distribution of clathrin assemblies around the FP, we used external structures to create a frame of reference. The anterior side of the FP is defined as facing the anterior end of the cell (Fig. 2 A) . The area near the junction between the FP and flagellar membrane will be called the base, whereas the collar marks the uppermost border of the FP. We found no bias in the location of clathrin to specific areas of the FP in our 15 3D reconstructions. Clathrin-coated pits and sheets were observed from the base of the FP up to the collar. Clathrin assembly was also seen on both anterior and posterior sides of the FP, in contrast to the proposition that only the anterior face might be competent for endocytosis (25) . Our observation was confirmed by thin-section micrographs of many FPs in which clathrin assemblies could be seen (n ϭ 102). In these, the distributions of clathrin across the posterior and anterior faces of the FP were about equal (43 thin sections with clathrin on the posterior side, 49 on the anterior side, and 10 thin sections with clathrin on both sides). Support for posterior face uptake can also be found in the literature (for an example, see figure 1a in ref. 12) .
Significantly, no clathrin was seen on the membrane directly overlying the 4MT, nor was it seen on the neck membrane (see below) or any part of the flagellar membrane. These data suggest that bloodstream-form trypanosomes have the capacity for endocytosis throughout the FP except for the portion directly associated with the 4MT and the boundary between the basal body and the axoneme. In agreement with the suggestion that all endocytosis in trypanosomes is clathrin-mediated (23), no uncoated pits or nonclathrin-coated invaginations were observed in either tomographic slices or thin-section micrographs.
A specific ''neck region'' of plasma membrane surrounds the flagellum at the postcollar exit point of the FP (6, 26) . The 4MT rootlet remains attached to the neck region membrane but is joined there by a short microtubule and the flagellum attachment zone (FAZ) macula adherens and filament (Fig. 3 C-E and Movie S3).
The Distribution of Intramembrane Particles (IMPs) Within the FP Is
Homogeneous. To ask whether endocytosis or other FP functions were accompanied by membrane differentiation, we analyzed freeze-fracture replicas of cells prepared after rapid isothermal fixation as above. Freeze-fracture techniques cleave cellular membranes through the central hydrophobic plane of the lipid bilayer, revealing two internal fracture faces referred to as the protoplasmic (P) face (the hydrophobic aspect of the half-membrane leaflet attached to the cytoplasm) and the extracellular (E) face (the hydrophobic aspect of the half-membrane leaflet attached to the exterior or organelle lumen). A replica of these faces exposes integral membrane proteins as IMPs (see Fig. S2 A) , allowing any membrane differentiation to be visualized (note that proteins such as VSG, which are tethered to the membrane by a GPI anchor, will not produce IMPs).
Consistent with our observation that the entire FP is endocytosiscompetent, both the P face and the E faces of the FP membrane showed an essentially even distribution of IMPs (Fig. 4) . As in most membranes, the P face of the FP membrane has a markedly higher density of IMPs than does the E face. These observations were consistent from cell to cell, as seen in freeze-fracture views of 80 FPs (42 P faces and 38 E faces), representing Ϸ25 m 2 of FP membrane area. Distinct deformations of the FP, which mark sites of endocytosis/exocytosis, were present on 38 of 80 views of FPs (Fig. 4,  arrowheads) , and no difference in IMP distribution or density was associated with the membrane in these regions (Fig. 4) . Combined with the findings above, these data indicate that there are no identifiable subdomains within the FP on the basis of either clathrin recruitment or IMP distribution, suggesting that all parts of the organelle have an equal capacity to be involved in membrane trafficking.
The accumulation of markers for endocytosis on the membrane directly abutting the 4MT under cold conditions suggests that this specific area constitutes a differentiated domain. Indeed, a band of four helical rows of IMPs was occasionally seen on P-face views of the FP (n ϭ 4; Fig. S2B ). Although their number, helicity, angle, and interspacing suggest a relationship to the 4MT, the rarity of these fractures indicates that such a relationship is restricted to a limited distance, is transient, or that there is systematic bias against fractures through this area.
Clustered IMPs Demarcate Membrane Boundaries. The plasma, FP, and the flagellar membranes are continuous, yet their functions and biochemical composition are distinct (3). How are these distinct domains maintained on different regions of continuous membrane? We used freeze-fracture techniques to look for differential IMP distributions between the surface, FP, and flagellar membranes, paying particular attention to boundaries. The three membranes showed different IMP densities (Fig. 5) , presumably reflecting their distinct composition. When analyzing the boundaries between these membranes, we found distinctive arrangements of IMPs. The junction of the surface membrane and FP (the neck region) was characterized by a distribution of IMPs on both the E and P faces that was similar to that of the cell surface but clearly denser than that found in the FP (Fig. 5B) . In addition, at the most basal edge of the neck (the point of junction with the FP), near where the collar is found in 3D reconstructions, we observed distinct rows of IMPs on both faces (13 of 13 freeze-fracture views of this zone; Fig. 5B ). No obvious IMP organization was seen in fractures across the flagellum exit site (n ϭ 41), suggesting the absence of a membrane boundary between the distal edge of the neck region and the parasite surface.
At the base of the flagellum, P-face views revealed plaques of densely packed IMPs (Ϸ75 nm wide, Ϸ180 nm long, and spaced by Ϸ40 nm ; Fig. 5B ); these we interpret as the flagellar plaques (27) . The corresponding E-face views were devoid of detectable IMP organization. This observation was consistent through fractures across the base of 51 flagella (21 P faces and 30 E faces).
A Channel Connects the FP Lumen and the Extracellular Space. For macromolecules to be taken up by the trypanosome, they must first enter the FP across the barrier imposed by the tight apposition of the neck and flagellar membranes. How this is achieved has not been determined. Here, we have found that markers for endocytosis accumulate on the membrane abutting the 4MT when endocytosis is blocked by cold temperatures. This has led us to hypothesize that the 4MT, which traverse the neck, are involved in uptake into the FP. To test this hypothesis, we reexamined thin sections of cells that had been incubated with BSA, WGA, and TL 5-nm gold conjugates at 0°C (Fig. 1) , analyzing both cytoskeletal structure and marker binding in this neck region. The occurrence of gold particles on the membrane directly abutting the 4MT was seen in multiple thin sections along the length of the neck, and in sections through the site of flagellum exit from the cell (Fig. 6) . In the neck, the gold particles occurred in a luminal space found between the otherwise tightly apposed neck and flagellar membranes at the point defined by the 4MT.
This luminal space, which we call the ''neck channel,'' was not caused by either the presence of gold particles or incubation of cells in cold conditions, because it was also seen in thin sections of cells fixed in the absence of gold and at physiological temperatures (Fig.  S3A) . Nor was it caused by aldehyde fixation, because it could be seen in cells cryoimmobilized by high-pressure freezing followed by freeze substitution (Fig. S3B) .
The neck channel was observed in multiple thin sections (n ϭ 67) derived from different sample preparations (n Ͼ 10), all of which suggested that this feature forms a continuous channel linking the FP lumen and the extracellular environment. Also, it was possible to see the continuity of the channel through the neck region in at least some of our 3D tomographic reconstructions of the FP region (Fig. S4) .
Discussion
Surface Membrane Domains. The T. brucei surface membrane is organized into four domains: those surrounding the cell body, the neck, the FP, and the flagellum. Despite being continuous, each of these domains shows a distinct IMP density (surface Ϸ neck Ͼ FP Ͼ flagellum). Our observations extend previous freeze-fracture studies (28) (29) (30) , emphasizing the neck membrane as a distinct cellular environment. This region is devoid of subpellicular microtubules, which could theoretically allow vesicle budding/docking, yet our data suggest that it does not perform endocytosis. We identified two structures that were unique to this surface domain: one short microtubule that appears distinct from the subpellicular array and a channel that connects the cell exterior to the interior of the FP.
Many receptors (e.g., those for transferrin and haptoglobinhemoglobin) in trypanosomes are GPI-anchored, as is the major surface protein (VSG). This is the likely explanation for the lower density of IMPs on the FP membrane compared with either the cell body or the neck membranes. It is possible that many IMPs represent members of the invariant surface glycoprotein family that possess a single transmembrane domain and are present in high copy number (3). We did not see any differentiation of the FP membrane into subdomains on the basis of IMP distribution.
Boundaries Between Continuous Surface Domains. Our analysis shows that there are distinct structures at two of the boundaries that divide the surface membrane domains: (i) the flagellar plaques at the junction of the flagellum and FP membranes, and (ii) IMP arrays at the junction of the FP and neck membranes, presumably corresponding to the collar region. Our results extend earlier freeze-fracture studies that also recognized the likely importance of these structures in restricting membrane protein movement (26, 28, 30 -32) .
The amorphous, electron-dense collar is seen in thin-section micrographs in the cytoplasm at the most superficial edge of the FP. Our electron tomographic analysis revealed that the collar appears thinner or entirely absent at the point of passage of the 4MT, so it is horseshoe-shaped (7). Interpretation and modeling of the electron-dense amorphous material are difficult. However, the rows of IMPs on the neck membrane at the same position as the collar were uninterrupted on both P and E faces in our freeze-fracture analysis. These data suggest that the membrane boundary seen by freeze fracture may be coincident with, but separate from, the cytoskeletal structure of the collar.
The flagellar plaques and the collar separate the FP membrane from the continuous membranes of the cell body and flagellum, and specific surface proteins (such as receptors) are enriched on the FP membrane. FP proteins, such as the transferrin receptor (TfR), however, are similar to the VSG molecules in both tertiary structure and membrane anchorage, although their GPI valencies differ (2) . Despite this, the FP boundaries appear able to discriminate between TfR and VSG, because newly synthesized/recycled VSG delivered to the FP moves out to the cell surface, whereas TfR is retained.
No Endocytosis Regionalization in the FP. The whole FP, except the membrane directly abutting the 4MT, appears able to recruit clathrin (and is thus equipped to perform endocytosis), with no evidence for FP subdomains on the basis of IMP distribution. Our electron microscopy procedures used a rapid isothermal fixation with minimal prior manipulation to try to obtain structures that would closely reflect unperturbed endocytosis. Our data argue against the proposal that endocytosis in trypanosomes is spatially limited within the FP (33). Our electron tomography brings an increased resolution in 3D to the analysis, but we cannot exclude the alternative possibilities: (i) endocytosis on the anterior and posterior sides of the FP differs in molecular character; (ii) although both anterior and posterior sides of the FP recruit clathrin and form coated pits, only the anterior side goes on to bud productive vesicles; and (iii) our rapid chemical fixation does not immobilize lipids, so membrane proteins randomize their positions after other cellular events have ceased, presenting us with an erroneous view of FP structure.
One of the interesting observations from our analysis of clathrin distribution on the FP is the occurrence of both curved and flat assemblies of clathrin triskelions. It has been proposed that the planar arrays are reservoirs of clathrin available for rapid recruitment into a pit (34). The extremely fast endocytic rate of the T. brucei FP, and its high dependency on clathrin-mediated internalization, may favor a mechanism in which the cell constantly preassembles flat lattices as clathrin reservoirs to sustain the formation of a large number of coated pits and vesicles.
Transport into the FP. The concentration of all endocytosis into the FP (35) allows the invariant receptor proteins to be sequestered in an environment that is protected from the attentions of host defenses. However, any macromolecules or complexes that are to bind FP receptors must first traverse the region in which the flagellum and neck membranes are tightly apposed. Our work has revealed a channel that runs the length of the neck and is closely associated with the 4MT. The channel represents a means by which extracellular components can gain access to the FP lumen. When cells were incubated at 0°C with colloidal gold, conjugated to markers for either receptor-mediated or fluid-phase endocytosis, particles accumulated at high density in the channel. The 4MT appear able to provide local dislocation to membranes; a deep, longitudinal fold was also seen in the FP membrane adjacent to a group of rootlet microtubules of a related trypanosomatid, Leishmania collosoma (31) . The T. brucei neck channel is not an artifact of gold particle interaction with the cell, cold temperatures, or chemical fixation, but is consistently found in cells from a range of treatments and fixations. The finding of gold particles at high density in the neck channel but very rarely elsewhere in the neck region suggests that the channel is the major means of access to the FP lumen for extracellular components. Given the general capacity of the FP membrane to recruit clathrin, it is expected that markers for endocytosis accessing the FP through the channel would then redistribute across the FP membrane. However, when endocytosis is blocked, markers conjugated to gold remain at the membrane overlying the 4MT. This clustering is especially striking, given that this membrane is the only region of the FP that seems likely to be incompetent for endocytosis.
A previous study (10) of ricin-binding glycoproteins also showed accumulation of gold marker on the FP membrane overlying the 4MT, and the authors proposed the presence of a discrete surface domain within the organelle. Our quantitative electron microscopy extends this observation to a range of markers and emphasizes localization in the neck channel. However, it is important to consider the interpretation of this highly localized distribution and its relevance to physiological endocytosis. At 37°C, the markers used in our studies are internalized by the trypanosome. Key questions include why these markers are clustered selectively onto the area of the 4MT domain and how they migrate from this zone so they can be internalized from other areas of the FP membrane. There are two contexts to the discussion: is the neck channel an active escalator for bound marker internalization to the FP, is it a passive free-flow conduit, or is it both? If an escalator, then one might presume that this active movement is unlikely to operate at 0°C, but if it does then the markers must be incapable of escaping the escalator to the main membrane of the FP. If not, and entry to the FP lumen is via a passive fluid entry through the neck channel, then this would suggest either (i) that the receptors are congregated or more concentrated (before ligand entry or as a result of ligand binding) to only the 4MT area, or (ii) that any receptors located elsewhere on the FP membrane are masked at this temperature. Finally, it may be that the 4MT band acts as a cytoskeletal barrier to lateral movement of receptors. Thus, cross-linking by multivalent gold-bound markers could produce aggregates of GPI-anchored proteins and transmembrane partners that then become bound to the underlying cytoskeletal framework, as has been demonstrated in animal cells (36) .
The proposed involvement of the channel and 4MT in trafficking into the FP suggests the participation of molecular motors in the movement of membrane-associated material. There are many uncharacterized motors encoded in the trypanosome genome that could be invoked (37) . What, if any, selection is performed by the channel and neck region? The fact that trypanosomes take unconjugated gold into the FP lumen would suggest that there is no strong selection on the basis of molecular recognition. However, it is easy to see that a selection on the basis of size could operate at the channel. Interestingly, we have observed that 20-nm particles enter the FP, but 40-nm gold does not. A quantitative analysis of multiple thin sections showed that the smallest dimension of the channel varied from 25 to 150 nm. Such dimensions would be sufficient to allow the passage of both high-and low-density lipoprotein complexes (Ϸ8 and 22 nm in diameter, respectively), which are scavenged by receptors in the FP. A final and critical question is how the neck and channel are involved in transport of material out of the FP. In this work, we have concentrated on movement of material into the FP, largely because the lack of a traceable marker makes it very difficult to follow secretion in the parasite. However, the fast rates of endocytosis measured for T. brucei imply not only a rapid flux of membrane into the FP, but a comparable flux of VSG-coated membrane out of the FP (disregarding losses from shedding of cell surface and cell growth). How these two opposing flows are organized is currently unknown. Finally, because African trypanosomes possess a flagellum at all times, what effect, if any, might the beating of the flagellum have on the closely associated channel?
Methods
Cold Uptake. Cells were harvested at 4°C, resuspended in chilled PBS plus 20 mM glucose, and held on ice for 10 min before being pulsed for 15 min with 5-nm colloidal gold conjugated to either BSA, WGA, or TL, or with unconjugated colloidal gold. Pulse was stopped by the addition of isothermal glutaraldehyde. Please see SI Methods for full description.
Fast, Isothermal Fixation. Cells were fixed in culture by the addition of isothermal glutaraldehyde to the culture flask while the latter was still in the 37°C incubator, as detailed in SI Methods.
High-Pressure Freezing. Cells grown in culture medium supplemented with gum arabic were high-pressure-frozen in Ϸ10 ms and freeze-substituted in uranyl acetate and glutaraldehyde or osmium tetroxide, as described in SI Methods.
Electron Tomography. Dual-axis 3D reconstructions were acquired essentially as described (6) and as detailed in SI Methods.
Freeze Fracture. Freeze fracture was performed by using standard techniques, as detailed in SI Methods.
